Background: One of the serious public health problems in the world is metabolic syndrome. It includes visceral obesity, dyslipidemia, insulin resistance, hyperglycemia, and hypertension. As a contributor to almost all the classic signs of metabolic syndrome, fructose was the ideal choice. There are certain shortcomings with existing drugs for insulin-resistant treatment. Plants still represent the main source of most available medicines. Cinnamaldehyde (CNA) is an active principle of Cinnamomum zeylanicum. Costunolide (CE) is natural sesquiterpene lactones, which is the main bioactive constituent of Saussurea lappa. The main aim of the present study is to investigate the effect of the synthetic antidiabetic agent (metformin) in comparison with natural constituents (cinnamaldehyde, costunolide) after developing a reliable model for insulin resistance by using high fructose diet (HFD). Results: It was found that HFD increased plasma glucose, insulin, glycosylated hemoglobin, HbA1c, serum total cholesterol, LDL-cholesterol, triglyceride, ALT, AST, creatinine, and uric acid. Moreover, HFD decreased hepatic reduced glutathione and superoxide dismutase levels. While oral administration of cinnamaldehyde and costunolide significantly decreased plasma glucose, HbA1c, total cholesterol, LDL-cholesterol, triglyceride, and increased level of hepatic reduced glutathione and superoxide dismutase activity. Also, cinnamaldehyde and costunolide restored the altered plasma levels of ALT, AST, creatinine, and uric acid to normal. Conclusions: The results of this experimental study showed that cinnamaldehyde and costunolide could be used as safe drugs for treating different abnormalities of metabolic syndrome.
Background
The incidence of metabolic syndrome has risen worldwide mostly because of the extreme consumption of energy-dense foods and reduced physical activity. It elevates the risk of developing many serious diseases as type 2 diabetes mellitus (T2DM), cardiovascular diseases (CVD), cancer, nonalcoholic fatty liver disease (NAFLD), infertility, dementia, and other diseases [2] .
Fructose is a simple sugar, a monosaccharide found in abundance in added dietary sugars, fruit, and honey [27, 28] . It has a unique metabolism that leads to an increase in lipogenesis and oxidative stress [3] . Consumption of fructose for the long term is accompanied by diabetes in addition to insulin resistance and metabolic syndrome in human in addition to experimental animals [6] . The rats fed fructose 6 weeks provide an ideal model for insulin resistance study [34] .
Metformin, one of biguanide glucose-lowering drugs, is considered the first medicine prescribed orally for people with T2DM [15] . In spite of using metformin for numerous years, it has only recently been valued as an insulin sensitizer [21] .
Transcinnamaldehyde, an essential oil in cinnamon bark, is the cause of the prominent smell and taste of cinnamon [10] . Cinnamaldehyde represents 98% of the components of cinnamon oil [62] . Cinnamaldehyde has several biological activities such as hypoglycemic, antihyperlipidemic, and anticancer activities [51, 56] .
Costunolide is a well-known sesquiterpene lactone that is considered as important herbal treatment, with anti-inflammatory, anti-fungal, anti-viral properties, antipyretic, anti-ulcer, and antimycobacterial activities [46] . In addition to the powerful ability of costunolide to decline serum total cholesterol (TC), LDL-cholesterol and triglyceride (TG), it also elevates plasma insulin, tissue glycogen, serum protein, and HDL-cholesterol [55] .
The objective of the current study was the comparison of the effect of cinnamaldehyde and costunolide on a model of insulin resistance induced by the consumption of high fructose diet.
Methods

Experimental animals
The current study was carried out on a total number of 40 healthy male albino rats; weighing 220-290 g. They were housed in metal cages in an air-conditioned room maintained at 22 ± 2°C with a 12-h light/12-h dark cycle and allowed free access to food and water. They were maintained on a standard balanced ration for 2 weeks accommodation (Table 1) according to [40] .
Drugs and chemicals
Fructose was purchased as white crystals (Safety Misr, Specialized Food Industry Co., Cairo, Egypt). Cinnamaldehyde was obtained as a light yellow color liquid from Sigma-Aldrich (St. Louis, Missouri, USA). Costunolide was supplied as a white powder from Herbest (Baoji Herbest Bio-Tech Co., Ltd). Metformin HCl (Cidophage) was supplied as tablets from CID Company, Cairo, Egypt. Dimethyl sulfoxide (DMSO) was purchased from s d fine-chem limited (SDFCL), Mumbai-30, India.
Induction of insulin resistance
Insulin resistance was triggered by consumption of 60% fructose mixed with standard rat chow for 10 weeks. The selected percentage of fructose was based on previous study for inducing insulin resistance in rats described by [34] .
Experimental design and treatment
Experimental animals were divided randomly into 5 groups (each group contains 8 rats) as the following.
Group I: Normal control rats that received standard rat ration all over the experiment without treatment. Group II: Received HFD all over the experiment weeks as an insulin resistance model. Group III: Received HFD for 10 weeks then received cinnamaldehyde at a dose 40 mg/kg described by [57] by oral gavage with HFD for 4 weeks. Group IV: Received HFD for 10 weeks then received costunolide at a dose 20 mg/kg described by (James [17] ) by oral gavage with HFD for 4 weeks. Group V: Received HFD for 10 weeks then received metformin at a dose 300 mg/kg described by [39] by oral gavage with HFD for 4 weeks .
Treatments were administered once daily for 4 weeks. The positive and negative control groups were given an equivalent volume of DMSO 25%.
Blood samples were taken at the end of the experiment from all groups after overnight fasting from retroorbital venous plexus then serum was obtained directly by centrifugation.
After collection of blood samples, rats were euthanized by inhalant anesthetic overdose using a bell jar followed by cervical dislocation.
Cinnamaldehyde and costunolide were prepared with mixing in 25% of DMSO for oral administration to rats while metformin tablets were crushed with a pestle and mortar then dissolved in distilled water for oral administration to rats.
Estimation of fasting blood glucose level
Fasting blood glucose was estimated by glucose oxidase peroxidase method [52] .
Estimation of fasting blood insulin
Insulin is estimated by using Rat Insulin ELISA Kits, Catalog Number:-MBS289124 according to [18] .
Estimation of glycosylated hemoglobin
Fully automated auto-analyzer Cobas C311 (Roche Diagnostics, Germany) was used in glycosylated hemoglobin (HbA1c) estimation. 
Estimation of antioxidants
Determination of reduced glutathione (GSH) was based on [8] . Colorimetric assay of superoxide dismutase determination was based on [42] method.
Estimation of liver and kidney function tests
Activities of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were determined by [7] method. The kinetic colorimetric assay of creatinine estimation is based on the [26] method. Uric acid level was estimated according to [52] method.
Statistical analysis
Statistical analysis was carried out by Statistical Package for the Social Sciences (SPSS version 20.0) software for analysis of data and Duncan's multiple range test for determination of LSD.
Results
Effect of cinnamaldehyde and costunolide on body weight
There was a significant (p ≤ 0.05) decrease in average body weight in the HFD-treated group when compared with normal control group. Moreover, treated groups with cinnamaldehyde, costunolide, and metformin showed no significance in average body weight when compared with HFD as illustrated in (Table 2) .
Effect of cinnamaldehyde and costunolide on fasting blood glucose, insulin, HbA1c %, and HOMA-IR
There was a significant increase in fasting blood glucose, insulin, HbA1c %, and HOMA-IR in HFD treated group when compared with normal control group. Cinnamaldehyde-and costunolide-treated groups showed a significant decrease in fasting blood glucose level when compared with HFD-treated group. On the other hand, cinnamaldehydetreated group showed a significant decrease in fasting blood glucose level when compared to costunolide. Also, cinnamaldehyde treated group showed a significant increase in blood insulin level when compared with normal control group. Moreover, costunolide-and metformin-treated groups showed no difference in blood insulin level when compared with control-and HFD-treated group. Moreover, cinnamaldehyde-, costunolide-, and metformin-treated groups showed a significant decrease in HbA1c % when compared with HFD-treated group. Furthermore, there was a significant decrease in HOMA-IR in cinnamaldehyde-, costunolide-, and metformin-treated groups when compared with HFD-treated group as illustrated in (Table 3 ).
Effect of cinnamaldehyde and costunolide on lipids profile
There was a significant increase in the levels of triacylglycerol, total cholesterol, and LDL-cholesterol in HFDtreated group when compared with normal control group. There was a significant decrease in triacylglycerol, total cholesterol, and LDL-cholesterol levels in cinnamaldehyde, costunolide, and metformin treated groups when compared with HFD-treated group. There was a significant decrease in HDL-cholesterol level in HFDtreated group when compared with normal control group. Moreover, there was a significant increase in HDL-cholesterol level in cinnamaldehyde, costunolide and metformin treated groups when compared with HFD-treated group as illustrated in (Table 4) .
Effect of cinnamaldehyde and costunolide on antioxidants
There was a significant decrease in GSH level and SOD activity in the HFD-treated group when compared with normal control group. On the other hand, there was a significant increase in GSH level and SOD activity in cinnamaldehyde-, costunolide-, and metformin-treated groups when compared with HFD treated group as illustrated in (Table 5) .
Effect of cinnamaldehyde and costunolide on liver and kidney function tests
There was a significant increase in ALT and AST levels in the HFD-treated group when compared with normal control group. Treatment with cinnamaldehyde, costunolide, and metformin significantly decreased ALT and AST levels when compared with HFD-treated group. There was a significant increase in the levels of creatinine and uric acid in the HFD-treated group when compared with normal control group. Treatment either with cinnamaldehyde or costunolide significantly decreased creatinine and uric acid levels when compared to HFDtreated group. While there was no significant change in creatinine level between metformin, HFD treated group and control group. Oral treatment with metformin significantly decreased uric acid level as compared with HFD-treated group as illustrated in (Table 6 ).
Discussion
The metabolic syndrome is one of the major and growing public health and clinical challenge globally as a consequence of urbanization, surplus energy intake, and spreading of obesity. Metabolic syndrome causes an increase in the risk of incidence of T2DM and CVD to be 5-fold and 2-fold respectively [29] . In this study, it was used a high percentage of fructose (60%) to produce metabolic syndrome in rats as the rats are likely resistant to fructose as hyperuricemia induced by fructose is hindered because of the presence of uricase enzyme. Rats also can synthesize vitamin C that inhibits fructose-induced insulin resistance. Furthermore, vitamin C also inhibits the reaction of uric acid with various oxidants and counteracts the effect of fructose or uric acid to stimulate oxidative stress in adiposities [48] .
The feeding of HFD for 14 weeks leads to a decrease in body weight. On the other hand, an increase in visceral adipose tissue mass visually observed in this group during an autopsy. This result in agreement with [25] . There is more than one explanation for decreasing the body weight in HFD consumption in this study. It is interesting that rats feed on HFD may not show an increase in overall body weight if it is not associated with diets high in fat [32] . Excessive consumption of fructose is accompanied by a decrease in body weight because of excessive muscle wasting and wastage of tissue protein due to renal failure. The body weight of rats depending on HFD significantly decreased, which may be a result of fructose intolerance because of early excessive intake of fructose in the diet [25] . There was a significant increase in fasting blood glucose, HbA1c, insulin levels, and HOMA-IR in HFD group when compared with normal control group. These results are similar to those reported by [24, 34] . It has been reported that longterm high-fructose feeding causes a reduction in the glucokinase activity and an increase in glucose-6-phosphatase activity in the liver leading to enhanced gluconeogenesis from fructose [45] . Fructose consumption enhances de novo ceramide biosynthesis and elevates ceramide concentrations in the plasma, liver, and skeletal muscle that induce local insulin resistance [61] . Furthermore, there was a significant increase in triacylglycerol, total cholesterol and LDLcholesterol levels in HFD group. On the other hand, there was a significant decrease in HDL-cholesterol level.
Fructose enhances hepatic de novo lipogenesis and decreases hepatic fatty acid oxidation, both of which can lead to increased fat accumulation in the liver, which then excites inflammation and hepatic insulin resistance [13] . Moreover, fructose improves oxidative stress and mitochondrial dysfunction that resulting in peroxisome proliferator-activated receptor-gamma coactivator 1-α stimulation that leads to insulin resistance [27, 28] . High fructose diet feeding has resulted in an increase in fasting uric acid. The metabolism of fructose has been shown to stimulate the production of UA. As fructose 1-phosphate increases intracellular, phosphate declines. This reduction stimulates AMP deaminase (AMPD) that catalyzes the catabolism of AMP to inosine monophosphate, raising purine degradation rate. Degradation of purine generates uric acid [9] .
There was a significant reduction in GSH level and SOD activity in the HFD treated group when compared to normal control group. During fructose metabolism, ATP exhaustion and stimulation of oxidative stress and inflammatory response occurs. Overproduction of indirect dangerous factors such as inflammatory cytokine, endotoxin, and adiponectin leads to disturbance in functions of tissues and organs [61] .
In the current study, we observed a significant increase in ALT, AST, and serum creatinine levels in the HFDtreated group. These results can be explained through that most of the tissue damage is resulted by free radicals, which damage the cell membrane by unsaturated fatty acids peroxidation [38] . The predominant adverse consequences of fructose are due to its rapid uncontrolled metabolism, especially in the liver [53] .
Metformin is one of the most efficient drugs for the treatment of type 2 diabetes and also acts as insulin sensitizer [37, 50] . Our results demonstrated that metformin has no difference in average body weight with HFD-treated group, but it was observed treatment with metformin decrease the average body weight when compared with before metformin treatment. Treatment with metformin has been exhibited an anorectic effect in rodents and humans [35] .
In the current study, the metformin-treated group showed a decrease in fasting blood glucose, HOMA-IR, and HbA1c when compared with HFD-treated group. Metformin mainly reduces production of hepatic glucose by a slight suppression of the mitochondrial respiratorychain complex1. As a consequence, the transient reduction in cellular energy status enhances activation of AMPK that stimulates glucose uptake in muscle and liver, glycolysis, fatty acid oxidation, and suppresses of glycogen, fatty acid and cholesterol synthesis, and gluconeogenesis [11, 54] . Metformin-treated group showed no difference in blood insulin levels when compared with normal control and HFD-treated group. This finding may be due to that metformin slightly increases secretion of insulin with enhancement of insulin sensitivity [59] .
Metformin treatment showed a significant reduction in triacylglycerol, total cholesterol, and LDL-cholesterol levels when compared with HFD-treated group. On the other hand, there was a significant enhancement in HDLcholesterol level as compared with HFD. The enhancement that occurs in lipid profile by metformin has resulted from activation of AMPK in hepatic cells; as a result, acetyl-CoA carboxylase (ACC) activity is decreased.
At present, there was a significant increase in GSH level and SOD activity in metformin-treated group when compared with HFD. Metformin has an antioxidative effect as it inhibits cytokine-induced NFκB activation through activation of AMPK pathway [36, 47] . Metformin also exerts its antioxidant activity via enhancing the activity of antioxidant enzymes, reducing the lipid peroxidation markers, and suppressing AGEs formation which promotes inflammation and ROS (glycoxidation) [31] .
The current study demonstrated a significant decrease in the serum level of ALT, AST, and uric acid but no significance in creatinine levels between metformin and HFD-treated group. Metformin decreases gluconeogenesis that may explain the decrease in liver enzymes [58] . Table 6 Effect of oral administration of cinnamaldehyde and costunolide on liver and kidney function tests in HFD fed rats for 30 days The ability of metformin to decrease the serum level of uric acid is depending on activation of AMPK signaling pathway [23] . Lactic acidosis associated with metformin occurs in the case of an inability to properly excrete it, as in kidney injury caused by a high fructose diet, because metformin is cleared from blood mainly via the renal route. Lactic acidosis decreases renal functions; in these case, metformin did not improve the function of kidney [12] . It was found in this study that there was no significance in average body weight in cinnamaldehyde treated group when compared with HFD group, but it was clear that cinnamaldehyde treatment increase body weight when compared with body weight before treatment. This finding result may be due to cinnamon bark enhancing appetite, and it also has the ability to relief of gastric distress [43] .
Treatment with cinnamaldehyde reduced fasting blood glucose, HbA1c, and HOMA-IR when compared with HFD-treated group. Cinnamaldehyde showed an increase in serum insulin level and when this increase compared with HFD-treated group showed no difference. These results associated with cinnamaldehyde raise pyruvate kinase level and decline phosphoenolpyruvate carboxykinase level in hepatic tissues, two key enzymes included in homeostasis of glucose. The treatment with cinnamaldehyde showed a marked increase in plasma insulin that leads to a reduction in ATP, a known allosteric inhibitor of Pyruvate kinase (PK), thereby increasing the activity of PK to near normal and stimulate glycolysis. Also, cinnamaldehyde reversed the increase of hepatic phosphoenolpyruvate carboxykinase enzyme (PEPCK) levels and by that reduce hepatic gluconeogenesis. Cinnamaldehyde was detected to enhance the glucose uptake in peripheral tissues. It was found that cinnamaldehyde acts by stimulating the release of insulin via β-cells of pancreas [4] .
A treated group with cinnamaldehyde showed a significant improvement in lipid profile as it enhances lipolysis in adipose tissue [30] .
It was noticed that cinnamaldehyde treatment significantly increase GSH level and SOD activity when compared with HFD-treated group as it enhanced the antioxidant defense of reactive oxygen species produced in hyperglycemia [22] .
The present study demonstrated cinnamaldehyde restored liver enzymes levels to normal as it exhibited a protective effect on liver. It was recorded in previous studies that cinnamon extract has increased the levels of serum total protein towards the respective normal value, which indicates hepatoprotective activity. Stimulation of protein synthesis has been advanced as a contributory hepatoprotective mechanism which accelerates the regeneration process and the production of liver cells and that explain the powerful effect of cinnamaldehyde to restore liver enzymes to normal levels [14] . It also decreased inflammation and steatosis in hepatic tissues of rats reflecting the hepatoprotective effect of CNA against degeneration [1, 49] . A previous study also explained the hepatoprotective effect of cinnamon by preventing oxidative damage caused by fatty acids in liver tissue through rebalancing antioxidant enzymes which by the way eliminates cellular damage and that reflected on the enzymatic function of this organ [41] . Also, it was found cinnamaldehyde treatment improves kidney function as cinnamaldehyde inhibited nephropathy caused by (AGE) products through suppression of the NO pathway activated by the JAK2-STAT1/STAT3 pathway [22] . Furthermore, it significantly improves oxidative stress in renal tissues by suppression of free radical generation and potentiation of ADS elements [60] . Also, oral administration of cinnamaldehyde decreases serum uric acid levels and that can be explained by its ability to inhibit the activity of xanthine oxidase enzyme [33] .
It was found in this study that costunolide showed a significant reduction in the blood glucose level, HbA1c, and HOMA-IR when compared with HFD-treated group. While it showed no significant difference in serum insulin levels when compared with HFD-treated group and control group. The reduction in blood glucose level indicated that costunolide might have an insulin-like effect on peripheral tissues by enhancing glucose uptake and suppressing hepatic gluconeogenesis [17] . Costus plant is known as insulin plant [5] . It was found that there is an increase in insulin level in diabetic rats treated with Costus pictus leaf extract and that resulted from stimulation of the intact β cells of pancreas [20] . The ability of costunolide to stimulate β cells of pancreas to secrete insulin may be due to suppress the production of NO [44] .
There was a significant increase in GSH level and SOD activity in costunolide-treated group when compared with HFD-treated group. Also, it was noticed in this study that oral administration of costunolide significantly decreased the AST, ALT, serum creatinine, and uric acid levels. Costunolide restores the normal concentration of GSH that may enhance mechanisms of the cellular defense, suppress lipid peroxidation, and consequently protect the body tissues against oxidative damage. These results showed the effective mechanism of costunolide by lowering the oxidative damage and increasing the cellular antioxidant pool [16] .
Conclusion
Finally, our results showed that cinnamaldehyde and costunolide are considered as potential antidiabetic and antioxidant agents. Metformin is contraindicated to use in case of renal impairment. According to our present study, cinnamaldehyde and costunolide could be considered as an additional dietary supplements option to prevent and regulate underlying complications along with conventional medications to treat insulin resistance.
